The photovoltaic module capacity has been growing remarkably in Australia from only 0.777 MW in 2001 to 8000 MW in 2018. The main reasons behind this evolution is, consumer awareness about the PV panels' reliability and durability, overall environmental benefits, and government encouragement by providing reasonable tariffs. The useful lifetime of PV modules is around 30 years; after which they are converted to waste.
Introduction
The Photovoltaic modules are considered as a sustainable energy source for producing micro-scale electricity and because of easy installation, reasonable price, long operational time and durability, it has got significant attention globally [2] . Installed PV capacity in Australia has got a very rapid increase around 8 GW PV capacity from 2001 to 2018.
As can be seen in Figure 1 the PV installation rate has increased remarkably in different states of Australia particularly in QLD, NSW, and VIC by nearly 2500 MW, 1800MW, and 1300 MW PV capacity respectively. Moreover, the statistics shows that the community adopts the benefits of the PV panels and currently the major contribution of the PV panel is in household section (less than 10 KW); however, it is observed that the industrial scale of PV modules (100 kW capacity and above) are getting more and more attention by industries. Table 1 presents the breakdown of the annual PV installation capacity so that Australia started by 0.777 MW capacity in 2001, but soon the installation capacity surged and now based on the latest data recorded, the PV installation exceeded the 1330 MW/year in 2017. It is also worth mentioning that the technologies of the PV panels have changed over the time and different panels with different specifications and material compositions were entered to the market. The market share trend of the various PV panels technologies from 1980 to 2030 shows that the proportion of the silicon-based (C-Si) technology as the first generation of the PV panels is quite reasonable compared with the other types of modules during the whole period. However, it is expected that the market of c-Si panels will be gradually replaced with the other types of PV technologies such as thin-film technology (CdTe and CIGS) as the second generation, and organic photovoltaic panels OPV and advanced c-Si as the third-generation throughout times until 2030 [3] .
Along with the massive growth in PV installation as well as capacity in Australia, there is increasing concern over the end of life management of the PV modules. The main issue is that the EoL PV panels contain sort of materials like Cd, Pb, and Se which can have serious environmental impacts and human health risk. Hence, the improper disposal through landfill or incineration would be very harmful to the environment, human and other species. Also, it has to be considered that there are a wide range of metals in PV panels which have significant recycling values such as Aluminum, steel, copper, and silver led to preventing the loss of recoverable resources and resource depletion.
Additionally, it has been reported in some studies that the suitable collection, transportation, recycling, and disposal strategies can considerably support the carbon emissions prevention [3] , [4] . Several attempts have been made for developing holistic recycling strategies, policy and management and life cycle assessment [5] , [6] , [7] . There has been a lot of research on other ewaste recycling process such as [8] , [9] , [10] which shows the importance of electronic waste management at the earliest time before it becomes a big challenge.
In contrast, the forecasting, material flow analysis, reverse logistics, economic analysis, and life cycle assessment of the discarded photovoltaic panels has been less explored [2] , [11] , [12] .
Nonetheless, this complicated waste stream needs more polishing and amendment particularly to reach a feasible circular economy and sustainable energy package. As others have highlighted [13, 14] , PV waste flow needs to be monitored by every country which utilizes this kind of electronic device to prevent severe impacts on the ecosystem. Currently, only a few countries set to evaluate their amount of decommissioned solar modules. Hence, the authors of this study aimed to address the PV waste flow of Australia as a case study.
In response to the potential concerns on the future PV waste flow, this paper mainly evaluates the material flow of the PV wastes in Australia from 2031 to 2047 by considering of 30 years' lifetime for the photovoltaic modules. This study can possibly help the decision makers for providing the environmental legislation framework, and enhance the awareness of all parties regarding the emerging PV waste flow [15] .
Material and Method
The knowing of the material flow of the photovoltaic waste is necessary to design a holistic plan for recycling of the elements embodied in the PV panel [16] . In order to continually monitor the waste flow of EoL PV panels, the composition of the mass of waste need to be explored [17] . To do so, the market share and specification of the different PV technologies including the year of installation, panel area, power, weight, efficiency, and average weight are collected from the available resources [12] . We also gathered official data through reliable resources regarding the annual and cumulative PV installed from 2001 to 2017. Then, the equation 1 is considered to calculate the possible waste amount per MW by considering 30 years as a regular lifetime of a PV panel.
= + 30
(1) Which 30 is regular PV lifetime = = ℎ Then, the annual and cumulative waste generation trend is estimated in megawatt (MW) as well as in tonnes using equation 2 adopted from reference [11] . Afterward, the waste stream is classified based the types of PV panels and their evolution during the period, followed by the material composition of the PV waste in tonnes and the percentage of each category of the waste in different panels.
Additionally, the compositions of the PV waste are grouped into the six major classes including the precious metal, base and special metal, hazardous metals, critical substances, other metals, and other materials. Next, the possibility of the circular economy and potential for sustainable management of the EoL PV modules are discussed. The cumulative amount of the waste per material, as well as their recycling rates for each type of material, are tabulated and discussed. Finally, the economic benefits of at least major metals embodied in decommissioned PV are analyzed, and the future strategies are proposed for further exploration.
Results and discussion
The estimation of future PV waste stream has been implemented based on the regular waste generation scenario by taking into account of 30 years' lifetime from the installation time.
The trend of the PV panel's waste generation is depicted in Figure 2 Having evaluated the results, the highest amount of PV waste is dedicated to crystalline silicon-based PV panel, i.e. c-Si at 80% by 2047. As expected, the waste c-Si panels as the first generation of the PV modules will face a declining trend throughout the period, and that is because of entering new technologies and more optimized panels such as thinfilm and emerging PV generations. The second primary waste stream is estimated to be CdTe by nearly 9% as the second generation of the PV panels. Both of these modules contain some hazardous substances such as Cd from thin-film modules and Pb from c-Si modules. Hence, appropriate end-of-life management of PV waste is imperative to prevent any environmental impacts and toxicity. Table 2 however, represents the material inventory of the PV waste in tonnes as well as assumed recycling yields [12] for each type of material. The evidence of the study shows that the cumulative amount of PV waste is projected to be around 1 million tonnes by 2047. Aluminum, steel, copper are the major metal portions of the waste stream by nearly 12000 tonnes (14.9%), 78000 tonnes (9.4%) and 9000 tonnes (1.1%) respectively. In the non-metal section, the proportion of the waste glass and EVA are quite reasonable by about 555000 tonnes (66.8%) and 54000 tonnes (14.9%) sequentially (Figure 4) . According to the current recycling rates capacity, it is estimated that about 140000 tonnes of the PV metalbased waste out of 22000 can be recovered. The recovered materials can be employed for the same technology or completely different products and industries.
One of the most important point regarding the waste flow of a particular kind of waste like EoL PV panels is the classification of the waste materials with respect to their properties and characteristics. It would be beneficial for treatment regulation and management purposes. It is interesting to note that the waste stream of the discarded solar products possesses five categories of materials. Ag by 344.2 tonnes accounts for the precious types of metals in the PV waste stream (less than 1%), accompanied by base and special metals with 16% of the PV waste equals to 132749 tonnes, followed by around 63 tonnes as the hazardous types of materials such as Cd, Pb, and Se. Critical substances as the fourth category of the PV waste stream by 4100 tonnes (1%) are more found in a-Si and CIGS panels. Also, 10% of the PV waste materials contain other types of metals including Si and Steel by 83284 t. It is somewhat surprising that Glass and EVA as the fifth category called "other materials" represent the highest portion of the waste stream till 2047 by more than 608302.5 (73%).
Current world market prices of some of the metals exist in the emerging PV waste flow are shown in Figure  4 . The market prices of Aluminum (2.79 AUD$/kg), Copper (8.15 AUD$/kg), Steel (42.2 AUD$ share price) and Silver (644.8 AUD$/kg) [18] indicate that the recovery of these metals from the obsolete PV modules are quite reasonable. Hence, it can create a strong passion for developing the circular economy and sustainable management. Figure 4 the evolution of market prices some of the metals in the EoL PV panel [18] 
Conclusions
This study sets out to determine the material flow of the emerging PV waste in Australia from 2031 to 2047. To this end, the cumulative PV waste of Australia based on the regular waste generation scenario is estimated to be around 8 GW, equal to about 1 million tonnes. Also, the PV waste stream as a massive urban mine contains various types of materials such as steel, Aluminum, copper, and silver with an estimated weight of around 216000 tonnes by 2047. The most apparent finding to emerge from this study is that End of life PV module has reasonable potential to be considered for recycling options. Firstly, the photovoltaic panel contains valuable materials. Secondly, this kind of renewable energy source is growing significantly, hence its emerging waste flow is estimated to be substantially large both in the short and long term. Next, the decommissioned PV panels consist of hazardous materials which may lead to serious environmental impacts and human health risks. Finally, the following conclusion can be drawn from the present study, that is, designing a holistic recycling plan as well as enacting appropriate policy and regulation can provide a reliable circular economy pathway and support the sustainability of the PV industry during the whole life cycle of PV modules.
